


































































































































































































Sample	A	 							805	 						627.3	 						40.6	 							0.89	 									5.5	 							6046	





















































































































































































𝑁 𝑅, + 𝜔, 𝐿/ , {𝐿/ − 𝐶[𝑅, + 𝜔,(𝐿/),]}
𝑅, + 𝜔,{𝐿/ − 𝐶[𝑅, + 𝜔,(𝐿/),]},
 
where	𝑁	is	the	number	of	spiral	turns,	𝐶	is	the	parasitic	capacitance	value	of	the	spiral	inductor,		𝐿/ =



































    With	its	extremely	compact	size,	high	frequency	and	ultra-wide-band	operation	capability,	this	novel	
filter	platform	has	many	promising	applications.	One	potential	market	is	in	high	data	rate	
communication	portable	devices.	When	working	in	unlicensed	spectrum	around	10	GHz	or	60	GHz,	the	
ultra-compact	tube	based	filters	can	be	designed	with	bandwidth	more	than	5	GHz,	making	the	data	
transmission	speed	as	high	as	several	gigabytes	per	second.	Popular	next-generation	high	speed	
technologies	like	portable	wireless	high	definition	(WirelessHD)	display,	high	speed	wireless	big	data	
synchronization,	download,	and	storage	on	portable	devices	can	definitely	benefit	from	the	excellent	
properties	of	tube-based	filters.	The	compact	size	of	the	tube	filters	also	makes	them	good	candidates	
for	home	automation.	Small	appliances	like	LED	bulbs	can	be	connected	to	wireless	local	area	networks	
(WLANs)	using	WiFi	chips	with	S-RUM	filters.	What	is	more	promising	is	that	the	tube	filters	are	perfectly	
compatible	with	wearable	electronics	technology.	Unlike	the	filters	based	on	2D	processing,	the	
electromagnetic	field	confined	inside	the	tubular	structure	does	not	change	with	the	deformation	of	the	
substrate.		This	uniqueness	together	with	the	extremely	small	footprint	enable	the	tube	filters	to	be	
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used	on	flexible	substrates	or	rigid	substrates	with	huge	strain	and	large	curvature.	Potential	
applications	can	be	found	in	wearable	computing	electronics	like	smart	glasses	and	wristwatches,	body-
centric	communication	systems,	wireless	sensors	for	medical	imaging	and	positioning,	and	wireless	body	
area	networks	(WBANs).	
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4.	Challenges	and	Strategies	
						The	SiNx	pinhole	issue	is	the	root	cause	of	many	of	the	device	malfunction	issues.	The	pinhole	comes	
from	the	large	stress	built	up	in	the	SiNx	bilayer	[24].	The	thin	film	is	not	robust	enough	to	withhold	the	
large	stress.	Since	the	pinholes	are	at	the	bottom	layer,	every	layer	deposited	on	top	of	SiNx	is	affected,	
and	the	discontinuity	transfers	to	the	very	top	layer	if	the	MIM	sandwich	is	not	thicker	than	the	SiNx	
layer.	In	the	case	where	the	metal	layers	are	thick,	the	pinhole	is	filled	by	metal	and	forms	a	metal	bump.	
The	distance	between	the	tip	of	the	bump	and	the	top	plate	is	much	smaller	than	the	dielectric	layer	
thickness,	leading	to	a	larger	capacitance	value.	In	the	case	where	the	metal	layer	is	thin,	the	pinhole	
penetrates	through	the	conducting	plate	and	the	device	is	thus	open-circuited.	To	reduce	the	pinhole	
effect,	one	may	adjust	the	NH3/SiH4	ratio	to	reduce	the	stress	in	the	SiNx	bilayer.	The	metal	pattern	on	
top	of	the	SiNx	can	also	be	engineered	to	help	distribute	the	stress	and	direct	the	pinhole	to	locations	
that	are	not	sensitive	to	device	performance.		
				Temperature	stability	is	another	major	concern	of	S-RuM	devices.	Unlike	devices	with	planar	
technology	whose	heat	can	be	dissipated	through	the	substrate,	3D	tubular	devices	have	the	heat	
mostly	confined	in	the	structure.	The	reason	is	that	the	contacting	area,	or	footprint,	of	the	tubular	
capacitor	is	only	the	projection	of	the	cavity.	Since	the	deposition	temperature	for	the	SiNx	strained	
layer	is	300	oC,	it	is	a	rule	of	thumb	that	users	keep	the	operational	temperature	below	this	point.	
Operational	temperature	higher	than	300	oC	may	cause	deformation	of	the	SiNx	layer	and	thus	cause	
capacitance	drift	[25].	During	the	test	we	found	that	the	SiNx	started	to	expand	at	350	oC.	Since	the	
inner	layer	has	higher	temperature	than	the	outer	layer,	the	deformation	caused	the	metal	plates	to	
clap	and	caused	short	circuit.	A	strategy	to	avoid	heat	accumulation	is	to	fill	the	tubular	cavity	with	
thermal	conductive	material	like	nickel	powder	paste.	Metal	powder	has	much	better	heat	conductivity	
than	vacuum	and	air,	and	can	boost	permeability	of	the	core	area	and	thus	increase	device	Q	factor.		
				The	Q	factor	of	the	tubular	capacitor	depends	heavily	on	the	resistivity	of	the	metal	plate.	The	
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resistivity	of	thin	film	is	higher	than	that	of	the	bulk	material	due	to	increased	surface	interactions	as	
well	as	absorption	of	conduction	electron	and	scattering	effects	[26].	These	effects	are	more	
pronounced	when	the	operation	frequency	is	high.	To	minimize	thin	film	resistivity,	one	approach	is	to	
improve	thin	film	quality.	By	slowing	the	metal	deposition	speed,	the	metal	thin	film	is	smoother.	
Scattering	effect	can	thus	be	reduced.		
				Cu	is	an	ideal	choice	for	the	metal	plate.	The	low	Young’s	modulus	gives	tube	devices	with	Cu	small	
inner	diameter,	which	is	key	to	improving	capacitance	density.	Cu	also	has	low	resistivity,	and	is	fully	
compatible	with	CMOS	technology.	The	drawback	of	Cu	is	that	it	is	easily	oxidized	at	high	temperature	
when	the	environment	is	not	moisture	free.	Unfortunately,	the	method	to	etch	away	the	sacrificial	layer	
always	requires	oxidizer	and	is	usually	solution	based	(like	hydrogen	peroxide).	An	approach	to	protect	
Cu	from	oxidization	is	to	use	a	protection	layer	such	as	aluminum	oxide.	The	solution	based	oxidizer	thus	
will	interact	with	the	sacrificial	layer	only.	It	is	worth	noting	that	contacts	are	still	required	in	order	to	
feed	AC	signal	into	the	device	and	get	output.	So	an	additional	lithography	processing	step	is	needed	to	
define	the	window	for	production	layer	exposure.	An	oxidization	resilient	metal	like	nickel	can	be	used	
to	cover	the	copper	layer	underneath.		
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5.	Future	Work	and	Conclusion	
						Rolled-up	capacitors	with	ultra-high	capacitance	density	and	rolled-up	filters	based	on	strain	induced	
bilayer	releasing	are	achieved.	Simulation	results	show	promising	device	performance	and	provide	
insight	into	device	structure	design.	This	technology	shows	great	potential	to	be	utilized	in	commercial	
portable	electronics,	as	well	as	in	wearable	electronics.	Several	challenges	and	the	way	to	improve	
device	performance	are	discussed	in	this	study.		 
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